Grain refinement to the nanocrystalline scale is known to enhance physical properties as strength and surface hardness. For the case of Au-Cu alloys, development of the pulsed electroplating has led to the functional control of nanocrystalline grain size in the as-deposited condition. The thermal aging of Au-Cu electrodeposits is now investigated to assess the stability of the nanocrystalline grain structure and the difference between two diffusion mechanisms. The mobility of grain boundaries, dominant at low temperatures, leads to coarsening of grain size whereas at high temperature the process of bulk diffusion dominates. Although the kinetics of bulk diffusion are slow below 500 K at 10 -20 cm 2 ·sec, the kinetics of grain boundary diffusion are faster at 10 -16 cm 2 ·sec. The diffusivity values indicate that the grain boundaries of the asdeposited nanocrystalline Au-Cu are mobile and sensitive to low-temperature anneal treatments affecting the grain size, hence the strength of the material.
Introduction
Nanocrystalline foils of Au-Cu alloys [1] [2] can be produced by electrodeposition processes. The process of pulsed electrodeposition provides a path to control the as-deposited grain size, e.g. of nanocrystalline Au 1-x Cu x alloys [3] . The electrodeposition parameters of cell potential, current density, and pulse duration are modeled [4] to the measurements of the crystallite size within the Au-Cu foil. By modifying the pulse conditions, different grain sizes can be produced at the same alloy composition in the as-deposited structure. The refinement of grain size provides a means to increase the strength of materials according to the well-known Hall-Petch relationship. In general, the hardness of metals and alloys is known [5] [6] to increase with grain refinement from the micro-to-nanocrystalline scale. Values of tensile strength for electrodeposited Au-Cu alloys have been reported [7] an order of magnitude greater than that of ~100 MPa value normally associated with fully-annealed solid solutions. Mechanically testing evidence obtained for alloys after thermal anneal treatments associates increased strength to the formation of Au-Cu intermetallic phases [8] having coherency strains with the disordered Au-Cu matrix. The Au-Cu intermetallic phases include AuCu 3 , AuCu, and Au 3 Cu [9] with typical activation energies of 0.8 to 1 eV·atom -1 . Ordering from the disordered Au-Cu solution takes place at temperatures within the miscibility gap, that is, generally below 673 K. Also, as is the general case for nanocrystalline metal alloys with low melting temperature, the grain size is quite sensitive to anneal treatments.
In this study, the kinetics of grain boundary diffusion at low temperature is determined from grain growth as measured using x-ray diffraction. A comparison to the assessment of bulk diffusion kinetics in Au-Cu foils at low temperatures is made through the use of concentration waves [10] and the microscopic theory [11] of diffusion. This reference approach provides a low-temperature benchmark for bulk diffusion kinetics [12] normally associated with the hightemperature mobility of the Au 198 tracer isotope in Cu [13] and Au [14] . Also, since grain size coarsening of nanocrystalline Au-Cu foils at low temperature is anticipated, a path to stabilize the nanostructure of the binary Au-Cu alloy is proposed through the addition of a metal with a dissimilar crystallographic structure. We will assess the effect on grain size stability for the addition of a body-centered-cubic (bcc) additive as tin (Sn) to the host face-centered-cubic (fcc) structure of the disordered Au-Cu alloy creating a pseudobinary Au(Cu)-Sn alloy [15] .
Experimental and Analysis Methods
The electrodeposition process to produce free-standing Au-Cu foils with 1-20 wt.% Cu has been described in detail [3] . In brief, a 1.5 liter cyanoalkaline solution is used to electroplate a 10-20 µm thick Au-Cu foil onto a 12 cm 2 substrate of titanium. The foil is easily removed from the substrate and cut into 1 cm 2 pieces for composition determination and vacuum anneal treatments. The energy dispersive x-ray spectra of the free standing foils reveal the characteristic 
where λ is the x-ray wavelength (equal to 0.1542 nm for Cu K α x-rays), and 2θ is the position of the Bragg reflection with peak intensity. The formulation [16] to correct the measured full-width (B m ) at half-maximum intensity of the Bragg reflection for instrument broadening (B s ) is,
where the Bragg peak is fit with a Gaussian distribution.
A relationship to compute the activation energy for grain growth [17] during isothermal anneal treatments is found in the grain growth law. Grain size, as determined from equations (1) (2) , is proportional to the anneal time (t) raised to the power n, i.e. d g α t n . For the case of ideal grain growth, the exponent n equals 0.5. This is typically observed, as reported [18] for coarsening of grain size in Al foils. Thus, the change in grain size (Δd g ) with anneal time is, representative of the diffusion mechanism. High and low temperature regimes [20] [21] [22] are typical for bulk versus grain boundary diffusion, respectively. A linear regression analysis of the data provides the activation energy (Q) from the relationship,
where R is the molar gas constant (8.314 J·mol -1 ·K -1 ) and the diffusivity (Ď) equals (Δd g 2 ·t -1 ).
Results

Nanocrystalline Size and Stability
The vacuum anneal treatments coarsen the nanocrystalline grain size of the as-deposited The Bragg reflection with the greatest peak intensity, i.e. the (111), is used to determine Table 1 for each Au-Cu sample set. The nominal composition for each foil is listed as determined [3] to within ±1 wt.% from the energy dispersive x-ray analysis. For all samples, it is seen that the grain size computed using the (111)
Bragg reflection increases with increasing anneal temperature.
To assess stabilization of nanocrystalline Au-Cu through an alloy addition, Sn was added to the standard bath [3] used for Au-Cu electrodeposition. In this case, the 1500 ml solution bath gm NaOH. A sample with a 32 wt.% Cu-4 wt.% Sn composition was produced as determined by energy dispersive x-ray spectroscopy. X-ray diffraction scans are shown in Fig. 3 for the asdeposited condition and after the A 1 -A 3 anneal treatments. As seen for the case of the 18 wt.% Cu foils in Fig. 2 , the samples are polycrystalline and evidence ordering at the lower anneal temperatures (of 480 K and 603 K in this case). For the 703 K anneal, the specimen appears to be a single-phase disordered solid solution. This diffraction pattern matches the result reported [15] for the disordered phase seen in low Sn-alloy compositions of the Au(Cu)-Sn pseudobinary. The
Bragg reflections that correspond to Au, Cu, AuCu, and the disordered pseudobinary 32 wt.% Cu-4 wt.% Sn phases are labeled in Fig. 3 for reference. The x-ray patterns we see in Fig. 3 for the 480 K and 603 K anneal conditions exhibit the type of ordering associated with the AuCu phase as well, and the AuCu III phase -an orthorhombic variant of AuCu. The characteristic 2θ reflection for AuCu III is seen at 42.3º and is reported [15] as present up to a ~600K anneal temperature. 
Diffusion and Activation Energy
The activation energy for diffusion (Q) is computed from the slope of the linear curves in the Fig. 4 Arrhenius plot of inverse temperature (T -1 ) with the natural logarithm of diffusivity (ln Ď). The formulations to derive Q were previously discussed using equations (3-4). The Table 1 data for samples sets no. 1, 2, 4, and 6 are plotted in Fig. 4 as illustrative examples. ] for Au-Cu samples. High-temperature isotope [13] [14] and low-temperature nanolaminate [10, 12] data delineate the transition between grain boundary and bulk diffusion mechanisms.
The reference dashed curves represent the linear regression fit to high-temperature isotope diffusion of Au 198 into Au [14] as well as Cu [13] . The corresponding activation energy (Q b ) for bulk diffusion is ~1.8 eV·atom -1 (175 kJ·mol -1 ·K -1 or 42 kcal·mole -1 ). The extrapolation to low temperature intercepts diffusivity values determined [12] from the decay of composition fluctuations in thermally-annealed Au/Cu nanolaminates [10] . The bulk diffusion fit provides a temperature reference as to where the transition in dominant diffusion mechanism takes place.
For the Au-Cu samples, the transition from bulk to grain boundary diffusion occurs at ~670 K.
That is, the grain boundary diffusion mechanism is dominant for anneal temperatures to the right of the bulk-diffusion reference curve. Grain boundary diffusivities are 10 -14 -10 -16 cm 2 ·sec -1 over this temperature range. At 500 K for instance, the diffusivity for bulk diffusion would be four orders of magnitude less at only 10 -20 cm 2 ·sec -1 . The activation energy for grain boundary diffusion (Q gb ) is determined from a linear regression analysis of diffusivity values for anneal temperatures that lie to the right of the bulk-diffusion reference curve. The Q gb values are listed for each Au-Cu sample set in Table 1 . The Q gb values range from 0.14-0.21 eV·atom -1 which is an order of magnitude less than for bulk diffusion at ~1.8 eV·atom -1 . Diffusivities determined from grain size coarsening above the temperature that corresponds with bulk diffusion deviate from the linear fit for grain boundary diffusion. These diffusivity data points lie above the grain boundary fit for each sample set. This indicates that as temperature exceeds the bulk-diffusion curve reference, the influence of the bulk diffusion mechanism now affects the diffusivity associated with grain size coarsening as it should be.
Discussion
The large difference between activation energies for high and low temperature regimes is in agreement with a compilation of findings by Martin and Perraillon [20] . They note for the case of self-diffusion, as approximated for by the Au-Cu case under study, that the apparent activation energy in a grain boundary is roughly half (or less) than the activation energy for bulk diffusion.
In reference to short-circuit diffusion networks, Harrison [22] notes three diffusion regimes that can be distinguished according to the bulk penetration depth being smaller than (regime B), roughly equal to (regime A), or larger (regime C) than a characteristic length of the network, e.g.
the average grain size. Consequently, as in the case of Harrison's A regime, it may be inferred [22] that the effective diffusivity (Ď eff ) for grain growth can be considered attributable to the volume fraction (f) contribution of dislocations with respect to dislocation diffusion (Ď disl ) and volume (lattice) diffusion (Ď vol ). That is, an arithmetic rule-of-mixtures summation as
In general, the similarity of the present case exists over the broad temperature range examined wherein a transition from grain boundary to bulk diffusion occurs. More than one mechanism Upper bound values are plotted, as several samples were observed to fail prior to any plastic deformation. In general, an increase in strength is observed as grain size decreases to 6 nm. Tensile strengths as high as 1200 MPa (173 ksi) are reported [7] for electrodeposited Au-Cu foils heat treated (for 3 hrs. at 573 K) wherein it's shown that increasing the Cu composition (and the presence of Au-Cu intermetallic phases) greatly contribute to the high peak strengths. Figure 5 . A Hall-Petch plot of grain size d g -0.5 (nm -0.5 ) with strength σ (MPa) for Au [25] , Au-Cu [26] , and foils of the Au-4 wt.% Cu sample set no. 6.
In addition, a few preliminary test results are plotted in Fig. 5 for tensile specimens prepared from Au-Cu sample sets no. 6 and 8 with 4 wt.% Cu. In particular, the 377 and 433
MPa results are for the A 1 and A 2 samples of set no. 6, respectively. A fully annealed 1 µm grain-size Au-Cu sample at ~120 MPa is plotted as well in Fig. 5 . The presence of only the disordered fcc Au-Cu structure was observed in the x-ray diffraction patterns for these tensile specimens from sample set no.6. The increase in strength with decreasing grain size indicates that the presence of a nanocrystalline structure alone can greatly influence strength. For this case of a disordered fcc structure, the temperature sensitivity of the grain size to the thermal anneal treatment causes coarsening that results in the loss of peak strength. Further results and discussion of strength measurements will be presented in the future.
Summary
Electrodeposits of Au 1-x Cu x have been prepared and examined using x-ray diffraction.
The stability of an as-deposited nanocrystalline grain size is assessed after thermal anneal treatments via peak broadening. A coarsening of grain size in nanocrystalline Au-Cu leads to decreased strength. A transition in the dominant mechanism for diffusion is observed above 670 K wherein bulk diffusion rates exceed the rates measured for grain boundaries. The increase of grain size with temperature is assessed using the grain growth law and yield diffusivity values 
